We present the discovery of nine quasars at z ∼ 6 identified in the Sloan Digital Sky Survey (SDSS) imaging data. This completes our survey of z ∼ 6 quasars in the SDSS footprint. Our final sample consists of 52 quasars at 5.7 < z ≤ 6.4, including 29 quasars with z AB ≤ 20 mag selected from 11,240 deg 2 of the SDSS single-epoch imaging survey (the main survey), 10 quasars with 20 ≤ z AB ≤ 20.5 selected from 4223 deg 2 of the SDSS overlap regions (regions with two or more imaging scans), and 13 quasars down to z AB ≈ 22 mag from the 277 deg 2 in Stripe 82. They span a wide luminosity range of −29.0 ≤ M 1450 ≤ −24.5. This well-defined sample is used to derive the quasar luminosity function (QLF) at z ∼ 6. After combining our SDSS sample with two faint (M 1450 ≥ −23 mag) quasars from the literature, we obtain the parameters for a double power-law fit to the QLF. The bright-end slope β of the QLF is well constrained to be β = −2.8 ± 0.2. Due to the small number of low-luminosity quasars, the faint-end slope α and the characteristic magnitude M * 1450 are less well constrained, with α = −1.90
INTRODUCTION
High-redshift (z ≥ 6) quasars are a powerful tool to study the early universe. In recent years, more than 100 quasars at z > 5.7 have been discovered. The Sloan Digital Sky Survey (SDSS; York et al. 2000) pioneered the searches of quasars at these redshifts, followed by the Canada-France High-redshift Quasar Survey (CFHQS; Willott et al. 2007) , the UKIRT Infrared Deep Sky Survey (UKIDSS; Warren et al. 2007) , and the Panoramic Survey Telescope & Rapid Response System 1 (Pan-STARRS1; Kaiser et al. 2010 ) survey. To date over 40 z ∼ 6 quasars have been discovered based on the SDSS imaging data (e.g. Fan et al. 2001a Fan et al. , 2003 Fan et al. , 2004 Fan et al. , 2006a Jiang et al. 2008 Jiang et al. , 2009 Jiang et al. , 2015 . The UKIDSS has discovered several quasars (Venemans et al. 2007; Mortlock et al. 2009 Mortlock et al. , 2011 , including the most distant quasar known at z = 7.08 (Mortlock et al. 2011; Barnett et al. 2015) . The CFHQS found 20 quasars over ∼ 500 deg 2 of sky (Willott et al. 2007 (Willott et al. , 2009 (Willott et al. , 2010b . The Pan-STARRS1 covers 3π steradians of the sky, and is now producing a large number of highredshift quasars (Morganson et al. 2012; Bañados et al. 2014; Venemans et al. 2015; Bañados et al. 2016) , including three quasars at 6.5 < z < 6.7 (Venemans et al. 2015) . Most recently, the VISTA Kilo-Degree Infrared Galaxy (VIKING) survey, the Dark Energy Survey (DES), the VST ATLAS survey, and the Subaru Highz Exploration of Low-Luminosity Quasars (SHELLQ) project, have started to yield z ≥ 6 quasars (e.g. Venemans et al. 2013; Carnall et al. 2015; Reed et al. 2015; Matsuoka et al. 2016) . The number of highredshift quasar discoveries is increasing steadily. Meanwhile, the sample of bright high-redshift quasars, especially luminous SDSS quasars, have been studied extensively in multiple wavelength bands from X-ray to radio. These quasars are very luminous with M 1450 < −26 mag. Deep optical spectra have revealed strong or even complete absorption in the Lyα forests, indicating that the redshift probed (z ∼ 6) is close to the epoch of cosmic reionization (e.g. Becker et al. 2001; White et al. 2003; Fan et al. 2006b; Carilli et al. 2010; Bolton et al. 2011; McGreer et al. 2015) . Their infrared spectroscopy show that these luminous quasars harbor billion-solarmass black holes and emit near the Eddington limit, suggesting the rapid growth of central black holes at this early epoch (e.g. Jiang et al. 2007; Kurk et al. 2007; Willott et al. 2010a; De Rosa et al. 2014; Jun et al. 2015; Wu et al. 2015) . The broad emission lines of these quasars exhibit solar or supersolar metallicity, implying that vigorous star formation and element enrichment have occurred in their broad-line regions (e.g. Jiang et al. 2007; Juarez et al. 2009; De Rosa et al. 2011) . In addition, observations in the mid/far-IR, mm/sub-mm, and radio wavebands have provided rich information about the dust emission and star formation in the host galaxies (e.g. Jiang et al. 2006 Jiang et al. , 2010 Walter et al. 2009; Gallerani et al. 2010; Wang et al. 2011 Wang et al. , 2013 Carilli & Walter 2013; Omont et al. 2013; Calura et al. 2014; Leipski et al. 2014; Bañados et al. 2015; Lyu et al. 2016) . Therefore, high-redshift quasars are a powerful probe for understanding black hole accretion, galaxy evolution, and the intergalactic medium (IGM) state in the first billion years of cosmic time.
In this paper, we present nine quasars newly found in the SDSS, including seven quasars in the SDSS main survey area, one quasar in the SDSS overlap regions, and one quasar in SDSS Stripe 82. The overlap regions are the regions with overlapping imaging in the SDSS, which results in multiple observations of individual sources within these regions. Stripe 82 covers ∼ 300 deg 2 , and was repeatedly scanned 70-90 times by the SDSS imaging survey. We describe these regions in Section 2. With the discovery of these nine quasars, we have completed our survey of z ∼ 6 quasars in the SDSS footprint. We summarize our survey of SDSS quasars in the second half of the paper. With a total of 52 quasars, we derive the quasar luminosity function (QLF) at z ∼ 6, and in particular, improve the measurement of the QLF at the bright end.
The layout of the paper is as follows. In Section 2, we review our survey of z > 5.7 quasars in the SDSS. In Section 3, we present the nine new quasars. In Section 4, we summarize our complete sample of 52 SDSS quasars and calculate the QLF at z ∼ 6. In Section 5, we discuss the evolution of luminous quasars at high redshift and the quasar contribution to cosmic reionization at z ∼ 6. We summarize the paper in Section 6. Throughout the paper, SDSS magnitudes are expressed in the AB system. Near-IR and mid-IR magnitudes are in the Vega system. We use a Λ-dominated flat cosmology with H 0 = 70 km s −1 Mpc −1 , Ω m = 0.3, and Ω Λ = 0.7.
SURVEY OF Z > 5.7 QUASARS IN THE SDSS
In this section, we briefly review our survey of z > 5.7 quasars selected in the SDSS. We will need this information for Sections 3 and 4. The SDSS is an imaging and spectroscopic survey of the sky using a dedicated wide-field 2.5 m telescope (Gunn et al. 2006) at Apache Point Observatory. Imaging was carried out in drift-scan mode using a 142 mega-pixel camera (Gunn et al. 1998 ) which gathered data in five broad bands, ugriz, spanning the range from 3000 to 10,000Å (Fukugita et al. 1996) , on moonless photometric (Hogg et al. 2001 ) nights of good seeing. The effective exposure time was 54.1 seconds. An SDSS run (strip) consists of 6 parallel scanlines (camera columns) for each of the five ugriz bands. The scanlines are 13.
′ 5 wide with gaps of roughly the same width, so two interleaving strips make a stripe. SDSS scanlines are divided into fields, and a field is the union of five ugriz frames covering the same region of sky. The images were processed using specialized software , and are photometrically (Tucker et al. 2006; Ivezić et al. 2004; Padmanabhan et al. 2008 ) and astrometrically (Pier et al. 2003 ) calibrated using observations of a set of primary standard stars (Smith et al. 2002) on a neighboring 20-inch telescope.
Quasars in the SDSS Main Survey
The initial goal of the SDSS imaging survey was to scan 8500 deg 2 of the north Galactic cap. The total unique area was expanded to 14,555 deg 2 , by adding >5000 deg 2 in the south Galactic cap (SGC) (Aihara et al. 2011 ). Fan et al. (2001a , 2006a ) discovered 19 z ∼ 6 quasars from the SDSS photometry, primarily in the north Galactic cap. Most of these quasars are bright (z AB ≤ 20 mag), and were selected from single-epoch imaging data (hereafter referred to as the SDSS main survey). They represent the most luminous quasars at z ≥ 6. However, there were main survey regions remaining unsearched, particularly in the SGC. In this paper we report on the discovery of additional quasars found in these regions.
The quasar selection procedure in the main survey has been discussed in detail in the papers mentioned above. Here we briefly review the procedure. Because of the rarity of high-redshift quasars and overwhelming number of contaminants, the procedure consists of four basic steps. The first step is to select i-band dropout objects mainly in high galactic latitude |b| > 30. Sources with i AB − z AB > 2.2 mag and z-band error σ z < 0.1 mag (roughly z AB ≤ 20 mag) that were not detected in the ugr bands are selected as i-dropout objects. The simple color cut i AB − z AB > 2.2 is used to separate quasars (and cool brown dwarfs) from the majority of stellar objects (e.g. Fan 1999; Strauss et al. 1999 ). Beyond the limit of σ z < 0.1 mag, the number of contaminants increases dramatically. The second step is to remove false i-dropout objects and improve photometry. All i-dropout objects are visually inspected, and false detections such as cosmic rays are removed. If necessary, we also take deeper imaging data to improve the i and z-band photometry to reduce the number of contaminants. The third step is to take near-IR (usually J band) photometry of i-dropout objects with another telescope. In the z AB − J versus i AB − z AB color-color diagram, high-redshift quasar candidates are separated from brown dwarfs. Specifically, quasar candidates satisfy the criterion z AB − J < 0.5 (i AB − z AB ) + 0.5 (see also Figure 1 ). The final step is to take spectroscopic observations and identify quasar candidates.
In addition to the above 'standard' survey to a limit of ∼ 10σ detections in the SDSS z-band images, we also selected two small samples of quasar candidates using a 'non-standard' method. The first sample consisted of candidates down to ∼ 7σ in the z-band images in part of the UKIDSS footprint. This is similar to the test done by Fan et al. (2006a) . We used a more stringent color cut i AB − z AB > 2.5 mag to reduce the number of contaminants caused by larger photometric uncertainties. We further required that the candidates should be detected at a significance level of > 7σ in the UKIDSS Y and J bands. Two of the quasars in this paper were selected using this method. The second 'non-standard' sample consisted of several candidates with i AB − z AB colors between 2.1 and 2.2 mag, slightly bluer than that used for the 'standard' survey. One quasar in this paper was selected using this method. In addition to the single-epoch main imaging survey, the SDSS also conducted a deep survey by repeatedly imaging a ∼ 300 deg 2 area on the Celestial Equator in the south Galactic cap (Adelman-McCarthy et al. 2007; Annis et al. 2014; Jiang et al. 2014 ). This deep survey stripe, or Stripe 82, roughly spans 20 h < R.A. < 4 h and −1.26 • < Decl. < 1.26
Quasars in the SDSS Stripe 82
• , and was scanned 70-90 times in total, depending on R.A. along the stripe. The multi-epoch data have been used to construct coadded images that can reach two magnitudes deeper than the SDSS single-epoch images (e.g. Annis et al. 2014; Jiang et al. 2014; Fliri & Trujillo 2016) . Using these co-added data, we have found 12 z > 5.7 quasars in Stripe 82 (Jiang et al. 2008 (Jiang et al. , 2009 ). These quasars have 20 < z AB < 22 mag, and are on average two magnitudes fainter than those found in the main survey. In this paper we present one new quasar found in Stripe 82. The quasar selection procedure for Stripe 82 is very similar to that for the main survey, except that the survey limit is z AB ∼ 22 mag (σ z < 0.11 mag) instead of z AB ∼ 20 mag.
Quasars in the SDSS Overlap Regions
We have also carried out searches of z ∼ 6 quasars in the SDSS overlap regions, the regions that were scanned by two or more SDSS imaging runs. The SDSS imaging runs generally overlap each other, due to the survey geometry and strategy. The imaging survey in driftscan mode was along great circles, and had two common poles. The fields overlap more substantially when they approach the survey poles. In addition, the two interleaving strips that make any stripe overlap slightly, leading to repeat observations in a small area. Furthermore, if the quality of a run, or part of a run, did not meet the SDSS standard seeing and photometric criteria, the relevant region was re-observed, yielding duplicate observations in this region. The total area of the overlap regions is more than one-fourth of the SDSS footprint. These overlap regions provide a unique dataset that allows us to select high-redshift quasars more than 0.5 mag fainter (in the z band) than those found with the SDSS single-epoch data. We have discovered eight quasars in the overlap regions (Jiang et al. 2015) .
The selection procedure of overlap-region quasars is slightly different from those described above. The image quality is usually different between the repeat runs. In the first step of the selection procedure, the magnitude limit for both 'primary' and 'secondary' detections is z AB < 20.7 mag or σ z < 0.155 mag (7σ detection). The candidates are actually fainter than 10σ detections, because otherwise they would have been selected in the main survey. We focused on high galactic latitude (|b| > 30) regions. Using repeat observations ensures that most i-dropout objects we select are physical sources, rather than artifacts or cosmic rays. In the second step, we take deeper i and z band images to improve photometry for i-dropout objects. The rest of the selection procedure remains the same. The details are given in Jiang et al. (2015) .
DISCOVERY OF NINE NEW QUASARS
In this section we present the discovery of nine new quasars in the SDSS. The basic information of the quasars, including their coordinates, redshifts, and broad-band (izJ) photometry, is given in Table 1 . One of them (SDSS J083525.76+321752.6; hereafter we use J0835+3217 for brevity) is found in the overlap regions, and another one SDSS J211951.89-004020.1 (hereafter J2119-0040) is found in Stripe 82. The other seven quasars were found based on the SDSS single-epoch data. The naming convention for SDSS sources is SDSS JHHMMSS.SS±DDMMSS.S, and the positions are expressed in J2000.0 coordinates. For brevity, we use JHHMM±DDMM in the following text.
Observations and Data Reduction
We first present the observations of quasar candidates in Stripe 82, which were done in 2009 and 2010. The J-band photometry of i-dropout objects (quasar selection procedure step 3) was made using the SAO Widefield InfraRed Camera (SWIRC; Brown et al. 2008 ) on the MMT. The observing strategy is the same as that of Jiang et al. (2008 Jiang et al. ( , 2009 ). The observing conditions were typical, with relatively clear skies and ∼ 1.
′′ 0 seeing. The images were reduced using standard IRAF 1 routines. We used bright UKIDSS or 2MASS (Skrutskie et al. 2006 ) point sources in the same images for flux calibration. Based on the J-band photometry, the final sample of quasar candidates was selected. We then used the MMT Red Channel Spectrograph (RCS; Schmidt et al. 1989) to identify these candidates. The exposure time for each target was 20-30 minutes, depending on the object brightness and weather conditions. If a target was identified as a quasar, several further exposures were taken to improve the spectral quality. The MMT RCS data were reduced using standard IRAF routines.
The observations of quasar candidates in the SDSS overlap regions were conducted in 2015 and 2016. Deeper i and z-band photometry of i-dropout objects (quasar selection procedure step 2) was made using the wide-field optical imager 90Prime on the 2.3m Bok telescope. The 90Prime images were reduced in a standard fashion using our own IDL routines. The details of the Bok observations and data reduction can be found in Jiang et al. (2015) . For the J-band photometry, we used the UKIDSS data for any candidates that have significant (> 7σ in J) detections in the UKIDSS. For the other candidates, we obtained their J-band photometry using the MMT SWIRC. We used the MMT RCS and the Double Spectrograph (DBSP) on the Hale 5.1m telescope to identify quasar candidates and obtain highquality optical spectra. The Hale DBSP data were reduced using standard IRAF routines as well.
The observations of quasar candidates in the SDSS main survey were done between 2010 and 2015, except for J1621+5155, which was observed in 2006. We used the Bok/90Prime to improve the i and z-band photometry for the sample of i-dropout objects with σ z > 0.1 mag. For the i-dropout objects with σ z < 0.1 mag, we simply used the SDSS data. The J-band photometry was made using the MMT SWIRC, or from the UKIDSS archive for the objects detected at > 7σ in the J band. We then used the MMT RCS and the Hale DBSP to identify quasar candidates and obtain high-quality opti- cal spectra, as we did for the candidates in the overlap regions. In addition, we took a deep optical spectrum for J2310+1855 in long slit mode using the Multi-Object Double Spectrograph (MODS) on the Large Binocular Telescope (LBT). The MODS spectra were reduced using standard IRAF routines. We also obtained deep near-IR spectra for two quasars, J2310+1855 and J1148+0702, using Gemini GNIRS and Magellan FIRE, respectively. The GNIRS observation of J2310+1855 is part of our large Gemini GNIRS campaign of ∼ 60 quasars (GN-2015B-LP-7). The GNIRS campaign is used to measure the rest-frame properties of a large sample of z ∼ 6 quasars, including UV continuum slopes, broad emission line properties, black hole masses and mass function, etc. Both GNIRS and FIRE (in echelle mode) provide a simultaneous wavelength coverage of 0.9 − 2.5µm in cross-dispersion mode. The observing strategies for the two observations were the same. We used the standard ABBA nodding sequence between exposures. The exposure time at each nod position was 5 minutes, and the distance between the two positions was 2 ′′ . Before or after the exposure of each quasar, a nearby A or F spectroscopic standard star was observed for flux calibration and to remove telluric atmosphere absorption. The GNIRS spectra were reduced using the IRAF Gemini package, and the details can be found in Jiang et al. (2007) . The FIRE spectra were reduced using an IDL pipeline developed by the FIRE instrument team, and the details can be found in Simcoe et al. (2011) .
Results
From the above observations, we took spectra for about 30 candidates, and identified nine quasars, including one quasar (J0835+3217) in the SDSS overlap regions, one quasar (J2119-0040) in Stripe 82, and seven quasars in the main survey. Table 1 lists the coordinates, redshifts, and the broad-band photometry of the quasars. Column 1 shows the J2000 coordinates, or the source names. Column 2 shows the redshifts, which span the range 5.7 < z < 6.4. The redshifts were mostly measured from the Lyα emission lines, or from the wavelength where the sharp flux decline occurs. The measurements can be slightly biased towards higher redshifts due to the Lyα forest. The redshift error of 0.03 quoted in Column 2 is simply the scatter in the relation between Lyα redshifts and systemic redshifts at low redshift (e.g. Shen et al. 2007 ). The uncertainties from our fitting process and wavelength calibration are negligible in comparison. The redshift of J1148+0702 is measured from its Mg ii emission line (see Section 3.2.1). The redshift of J2310+1855 is measured from the CO (6-5) observations by Wang et al. (2013) . Columns 3 through 5 show the i, z, and J-band photometry. The i and z-band photometry was taken from the SDSS, or improved by the Bok 90Prime. The J-band photometry was taken from the UKIDSS, or obtained from the MMT SWIRC. These quasars span a brightness range of 19.21 < z AB < 21.68 and a luminosity range of −27.61 < M 1450 < −24.73 mag.
Among the seven quasars found in the main survey area, three quasars were selected using the 'non-standard' method mentioned in Section 2.1. J1148+0702 and J1609+3041 are fainter than a 10σ detection in the SDSS z-band images, and J1621+5155 has an i AB − z AB = 2.16 color slightly bluer than the 2.2 mag limit. Two quasars, J0810+5105 and J1143+3808, in Table 1 , were independently discovered by the Pan-STARRS1 (Bañados et al. 2016) , as indicated in the last column. In addition, J1148+0702, J1243+2529, and J1609+3041 were independently discovered by the UKIDSS (S. Warren et al., in preparation; see also Mortlock (2015) ). We also recovered J0100+2802 at z = 6.30 discovered by Wu et al. (2015) , and two quasars, J1545+6028 at z = 5.78 and J2325+2628 at z = 5.77, found by F. . We missed J2356-0622 at z = 6.15 in F. , because this quasar has σ z = 0.12 mag in the SDSS. Figure 2 shows the optical spectra of the nine quasars. All spectra except J2310+1855 were observed with the MMT RCS. The total integration time per object except J2119-0040 was from 40 min to 80 min (20 min exposures), depending on the quasar brightness and observing conditions. The total integration time for the faintest quasar J2119-0040 was 150 min, composed of five 30 min exposures. The spectrum of J2310+1855 was obtained from the LBT MODS, and the total integration time was 60 min. Each spectrum in Figure  2 has been scaled to match the corresponding z-band magnitude in Table 1 , thereby roughly placing it on an absolute flux scale (although variability introduces uncertainty into this calibration).
The quasar rest-frame UV spectrum, from the Lyα emission line to the Fe ii bump at 2000 ∼ 3000Å, contains strong diagnostic emission lines and provides key information on the physical conditions and emission mechanisms of the broad-line region. The rest-frame UV band is redshifted to the near-IR range for z ≥ 6 quasars. As we mentioned earlier, we also obtained near-IR spectra for J1148+0702 (the highest-redshift quasar in our sample) and J2310+1855 (the most luminous quasar of the nine) using Magellan FIRE and Gemini GNIRS, respectively. Figure 3 shows the two near-IR spectra. The total on-source integration time for each object was 60 min, broken into 12 five-minute exposures. Each spectrum has been scaled to match the corresponding Jband magnitude in Table 1. 3.2.1. Notes on individual objects J0810+5105 (z=5.80), J1143+3808 (z=5.81), and J1243+2529 (z=5.85) . These quasars were discovered in the SDSS main survey. They are at relatively low redshift ∼ 5.8. They all have prominent Lyα emission. J0810+5105 has z AB = 19.34 mag, making it one of the brightest z ∼ 6 quasars known.
J0835+3217 (z=5.89). J0835+3217 was discovered in the SDSS overlap regions. It is relatively faint (z AB = 20.73 mag) compared to those found in the main survey. J0835+3217 has a narrow Lyα emission line. Jiang et al. (2015) reported on the discovery of eight quasars in the overlap regions, and also recovered eight previously known quasars in the same area. J0835+3217 is the last one that we found in the overlap regions.
J1148+0702 (z=6.339) and J1609+3041 (z=6.16 ). J1148+0702 and J1609+3041 were selected in a 'non- Optical spectra of the nine newly discovered quasars. The spectrum of J2310+1855 was taken with the LBT MODS. The other spectra were taken with the MMT RCS. The dashed lines indicate the zero flux level for each spectrum. Each spectrum has been scaled to match the corresponding z-band magnitude in Table 1 , thereby placing it on an absolute flux scale.
standard' way, as mentioned in Section 2.1. They are fainter than 10σ detections in the SDSS z-band images. J1148+0702 and J1609+3041 are the two highestredshift quasars in this sample. J1148+0702 is the second highest-redshift quasar found in the SDSS. Using the near-IR spectrum in Figure 3 , we estimate its central black hole mass based on the empirical scaling relations (Shen & Liu 2012) . The masses from Mg ii and C iv are (1.26 ± 0.14) × 10 9 M ⊙ and (2.04 ± 0.11) × 10 9 M ⊙ , respectively. The redshift estimated from Mg ii is 6.339 ± 0.001. -0040 (z=5.87) . J2119-0040 is the faintest quasar in our sample, found in the SDSS Stripe 82. It has strong Lyα emission. We previously discovered 12 quasars in Stripe 82 (Jiang et al. 2008 (Jiang et al. , 2009 ). J2119- Figure 3 . Near-IR spectra of J1148+0702 and J2310+1855. The spectrum of J1148+0702 was taken with Magellan FIRE, and the total on-source integration time was 60 min (12 five-min exposures). The spectrum of J2310+1855 was obtained from Gemini/GNIRS, and the integration time was also 60 min. Both spectra have been scaled to match the corresponding J-band magnitude in Table 1. 0040 is the last one that we found in this area. The quasars in Stripe 82 form a statistically complete sample down to z AB ∼ 22 mag.
J2119
J1621+5155 (z=5.71). J1621+5155 was selected in a 'non-standard' way, with i AB − z AB < 2.2 mag. It thus has the lowest redshift in our sample. It is a weak line quasar without obvious Lyα emission in Figure 2 . It was not detected in moderate deep millimeter and radio observations (Wang et al. 2008) . J2310+1855 (z=6.003) . J2310+1855 is the brightest quasar in our sample. It is also one of the most luminous quasars in the full SDSS z ∼ 6 quasar sample. It has very weak Lyα emission. Weak line quasars seem to be common at z ∼ 6 (e.g. Bañados et al. 2014; Jiang et al. 2015) . This quasar has been studied extensively in the mm/submm and radio bands (e.g. Wang et al. 2013) . Its strong detections of the [C ii] 158 µm and CO (6-5) lines provide a redshift measurement of z = 6.003 ± 0.001. The redshift calculated from it Mg ii emission line is z = 5.962 ± 0.007. We estimate its central black hole mass from its near-IR spectrum shown in Figure 3 , and the masses from Mg ii and C iv are (4.17 ± 1.02) × 10 9 M ⊙ and (3.92 ± 0.48) × 10 9 M ⊙ , respectively.
A SAMPLE OF 52 SDSS QUASARS AT Z ∼ 6
In this section we summarize our survey of z ∼ 6 quasars in the SDSS, and present the final sample of 52 quasars discovered since 2000. We then calculate the survey area coverage and the quasar sample completeness. This information is used to derive the QLF at z ∼ 6 and the evolution of luminous quasars at high redshift. Table 2 gives the basic data for the 52 SDSS quasars at z ∼ 6. They are ordered by R.A. Column 2 lists the quasar coordinates determined by the SDSS. Column 3 shows the quasar redshifts, taken from different resources, including the quasar discovery papers or follow-up observation papers. The redshifts were mostly measured from emission lines, such as Lyα in the (observed-frame) optical, Mg ii in the near-IR (e.g. Jiang et al. 2007; Kurk et al. 2007 Kurk et al. , 2009 Mortlock et al. 2009; De Rosa et al. 2011) , or CO in the radio (e.g. Carilli et al. 2010; Wang et al. 2011 Wang et al. , 2013 . Some quasars have very weak emission lines in the optical and near-IR (i.e., the rest-frame UV), and their redshifts were measured from the onset of the Lyα absorption. In Column 2, the redshifts measured from Lyα emission or absorption features are accurate to the second decimal place, and the redshifts measured from Mg ii or CO lines are accurate to the third decimal place. Columns 4-9 shows the photometry in the izY JHK bands, and Columns 10-11 shows the photometry in the first two Wide-field Infrared Survey Explorer (WISE; Wright et al. 2010 ) bands W1 and W2 at 3.4 and 4.6 µm, respectively. The optical magnitudes are expressed in the AB system, and the near-IR and mid-IR magnitudes are in the Vega system. Column 12 is the absolute AB magnitude of the continuum at rest-frame 1450Å (M 1450 ). We have converted all published M 1450 values to the cosmology used in this paper. Column 13 shows the references of the quasar discovery papers. Column 14 indicates if a quasar is in the SDSS main survey ('M'), overlap region ('O'), or Stripe 82 ('S82'). Note that seven main-survey quasars are also located in overlap regions, and they are marked as 'M+O'.
The Quasar Sample
The majority of the 52 quasars were found by Fan et al. (2000 and Jiang et al. (2008 Jiang et al. ( , 2009 Jiang et al. ( , 2015 , and this paper). Three quasars in the sample, J0100+2802 (z = 6.30), J1545+6028 (z = 5.78), and J2325+2628 (z = 5.77), were reported by Wu et al. (2015) and F. . They were discovered using combination of the SDSS and WISE imaging data (see also Blain et al. 2013; Yan et al. 2013) , and were also selected by our standard selection criteria mentioned in Section 2. We thus included these three quasars in our final sample. We also included J0841+2905 (z = 5.98) found by Goto (2006) and J1319+0950 (z = 6.132) found by Mortlock et al. (2009) . These two quasars do not meet our selection cut σ z < 0.1 mag in the SDSS single-epoch images, but they are located in the overlap regions, and were recovered as overlap-region quasars by Jiang et al. (2015) .
We did not include three quasars reported by Cool et al. (2006) , McGreer et al. (2006) , and F. .
F. presented three z ∼ 6 quasars, and two of them meet our selection criteria as mentioned above. The third one was not selected by us, because its σ z is slightly larger than 0.1 mag. We did not include the quasar (at z = 5.85) of Cool et al. (2006) , which is significantly fainter than our selection limit in the SDSS images. We did not include the radio-loud quasar (at z = 6.12) of McGreer et al. (2006) , which was found from its radio emission. It is bright in the optical, but it is strongly blended with a much brighter neighbor in the SDSS images, and was not separately detected by the SDSS pipeline. We also did not include the radio-loud quasar (at z = 5.95) of Zeimann et al. (2011) found in Stripe 82, which is fainter than our selection limit in the co-added Stripe 82 images. Figure 4 shows the redshift distribution of the 52 SDSS quasars. The number of quasars above our flux limits decreases rapidly from z ∼ 5.8 to z ∼ 6.4. Figure A1 in the Appendix shows their optical spectra. Most of the spectra were taken from the quasar discovery papers listed in Column 13 of Table 2 . The spectrum of J1319+0950 was presented in McGreer et al. (2015) . The spectrum of J0841+2905 was obtained from the MMT. Note that there exist higher S/N optical spectra for some quasars (e.g. Becker et al. 2011 Becker et al. , 2015 that are not shown in Figure A1 . Among the 52 quasars, 47 quasars belong to one of three statistically complete samples: the main survey sample, the overlap region sample, and the Stripe 82 sample. There are 24 quasars in the SDSS main survey, 17 in the overlap regions (7 of them also belong to the main survey), and 13 in Stripe 82. The other 5 quasars are beyond our standard selection criteria and not part of the complete samples. They are J1335+3533 and J1436+5007 from Fan et al. (2006a) , and J1148+0702, J1609+3041, and J1621+5155 in this paper. We will now derive the QLF based on the 47 quasars.
Area Coverage
In this subsection, we calculate the effective area coverage for our quasar samples. The calculation of effective area is not straightforward for several reasons, including the SDSS imaging survey geometry, possible missing data, existence of very bright stars (resulting in large 'holes' in object catalogs), and so on. We estimate the effective area using the Hierarchical Equal Area isoLatitude Pixelization (HEALPix; Górski et al. 2005) . HEALPix hierarchically tessellates the spherical sky into a mesh of curvilinear quadrilaterals. The base resolution, or the lowest resolution level (we call it Level 0), consists of 12 pixels over the celestial sphere. The resolution level increases by dividing each pixel into 4 subpixels with identical area. At level higher than 1, each pixel has 8 neighboring pixels, except for 24 pixels (each of them has 7 neighboring pixels). The effective area of our samples is calculated by adding up the area of the pixels that cover our data points. Obviously, the accuracy depends on the resolution level of the HEALPix pixels and the spatial density of data points.
Our data points are drawn from the SDSS Query CasJobs online server. We use all SDSS 'Primary' objects with r < 22.5 mag and i < 22.5 mag for the main survey. We only remove a tiny fraction of objects with the SDSS processing flags 'BRIGHT', 'EDGE', and 'SATUR'. For the overlap regions, we use all 'Primary' and 'Secondary' objects down to r = 23.0 mag and i = 23.0 mag. The average density of the data points is about 5 objects per square arcminute. The data points for Stripe 82 are drawn from our stacked images/catalogs (Jiang et al. 2014) , and the number density is much higher than that for the other two regions.
For a given dataset, the starting resolution level is critical for area calculation. We have tried different starting resolution levels, and found that HEALPix Level 10 (i.e., the HEALPix base resolution is divided 10 times) is the best for the SDSS. Figure 5 shows an example that compares the results from three different starting resolution levels, Levels 9 (top panel), 10 (middle panel), and 11 (bottom panel). The added 'holes' from Level 9 to Level 10 are almost all real, primarily caused by missing data and very bright stars. On the contrary, the majority of the added 'holes' from Level 10 to Level 11 are not real, but represent relatively empty regions of the sky in the SDSS imaging. Therefore, we use HEALPix Level 10 as our base resolution or starting resolution, which is 11.8 square arcminutes per pixel. Now we classify all pixels into three categories. In the first category are the pixels that do not cover any data points, and these regions are beyond the effective coverage of our survey. The pixels in the second category (hereafter boundary pixels) are the close neighbors to the pixels in the first category, i.e., each boundary pixel has at least one neighboring pixel in the first category. The boundary pixels include outer boundaries and inner boundaries (the edges of the inner 'holes', see Figure 5 ). The third category contains all remaining pixels (hereafter non-boundary pixels). All non-boundary pixels at Level 10 constitute the major part of the total effective coverage.
The accuracy of area calculation is now determined by boundary pixels. We refine boundary pixels by gradually increasing the resolution level, until the resolution roughly matches the average surface density of the data points. For the main survey and overlap regions, the boundary pixels are calculated to Level 13, at which the resolution is 0.18 square arcminutes per pixel or 5.5 pixels per square arcminute, matching the density of 5 objects per square arcminute. For Stripe 82, the boundary pixels are calculated to Level 14, at which the resolution is 0.046 square arcminutes per pixel. The effective area of the main survey is 11, 240 ± 59 deg 2 . The uncertainty quoted here is the contribution of the boundary pixels. As we mentioned earlier, we mainly focused on high galactic latitude |b| > 30 deg (excluding |Decl.| < 1.3), which has an area of 10,371 deg 2 . We also include the lower galactic latitude region between 20 and 30 deg used by Fan et al. (2006a) . These SDSS images were taken before 2005 June, and their area is about 869 deg 2 . The main survey covers 24 luminous quasars at z ∼ 6, and the spatial density of these quasars is very low (about 1 per 468 deg 2 ). The effective area of the overlap regions is 4223 ± 139 deg 2 . The uncertainty, or the contribution of the boundary pixels, is relatively large, due to the more complex geometry of the overlap regions. For the overlap regions, we only considered high galactic latitude |b| > 30 deg. A total of 17 quasars fall in the overlap regions, and 7 of them also belong to the main survey. In other words, 10 quasars are fainter than a 10σ detection in the SDSS single-epoch z-band images.
The effective area of Stripe 82 is 277 ± 1 deg 2 . For Stripe 82, we did not use the region of RA < 310 deg. This region is at relatively low galactic latitude (|b| < 24). In addition, the coadded images in this region are significantly shallower than other regions, due to the smaller number of imaging runs covering this region. We found 13 quasars in Stripe 82. The spatial density is about 1 per 21 deg 2 , which is much higher than the density in the main survey.
Sample Completeness
We use simulations to estimate the completeness of the quasar sample. The incompleteness comes from our quasar selection criteria, i.e., the color cuts and survey limits that we applied in Section 2. We describe the completeness as a selection function, the probability that a quasar with a given magnitude (M 1450 ), redshift (z), and intrinsic spectral energy distribution (SED) meets our selection criteria. We generate a grid of model quasars using the simulations by McGreer et al. (2013) , which is an updated version of the simulations by Fan (1999) . The model SEDs are designed to reproduce the colors of ∼60,000 quasars at 2.2 < z < 3.5 from the SDSS BOSS survey (Ross et al. 2012) . Each model SED consists of a broken power-law continuum, a series of emission lines with Gaussian profiles, and a scaled Fe emission template. The distributions of spectral features such as the continuum spectral index, line EW, and line FWHM match those from the BOSS quasars. The model also incorporates the relations between spectral features and quasar luminosity, such as the Baldwin effect and blueshifted lines (see McGreer et al. (2013) for details). The model does not take into account broad-absorptionline (BAL) quasars and quasars with weak emission lines (Plotkin et al. 2015) . These quasars have slightly different colors, but the overall impact on our calculation is negligible compared to the statistical uncertainties derived in the next subsections.
We extend the model to higher redshifts under the assumption that the shape of the quasar SED does not evolve with redshift. The only significant difference is the increasing neutral H absorption in Lyα forests towards higher redshifts. Finally, photometry is derived from the SED models and photometric errors appropriate for each survey region are added. We draw a large representative sample of objects from the SDSS archive (or from our stacked images/catalogs for Stripe 82). From this sample, we obtain the relation between magnitude and error in the i and z bands in a 2D space, giving us an error distribution at each magnitude. The errors are added to the model quasars so that the error distributions match those from the real data above. The J-band errors are added in the same way so that the error distributions for the model quasars match those from our J-band data.
As we did in Fan et al. (2001a) and Jiang et al. (2008) , we compute the average selection probability, p(M 1450 , z), as a function of M 1450 and z after photometric errors are properly incorporated. Figure 6 shows the selection function for the main survey sample (top panel), the Stripe 82 sample (middle panel), and the overlap-region sample (bottom panel). The filled circles indicate the locations of the quasars in the two samples. The probability decline at z < 5.8 and z > 6.3 is caused by the color cuts on the i AB − z AB and z AB − J colors, and the probability decline at the low luminosity end is due to the survey limit in the z band. In the top panel, one quasar (J1243+2529 discovered in this paper) has a probability below 20%. The reason is that this quasar is relatively faint with z AB = 20.22 mag, below the nominal limit of z AB ≈ 20.0 mag for σ z = 0.10 mag in the SDSS. But its z-band error (σ z = 0.10 mag) still satisfies our selection criteria. In the middle panel, the z = 5.72 quasar (J0203+0012) has the lowest probability. This quasar was originally found to be at z = 5.85, and it appears to be a z = 5.85 quasar in A1. It was later confirmed to be a BAL quasar at z = 5.72, and its Lyα emission has been largely absorbed (Mortlock et al. 2009). In the bottom panel, the contours are different from those for the other two samples. This is because the 10 quasars in the overlap regions were selected in a small magnitude range, i.e., 7σ to 10σ detections in the SDSS z-band images. The three brightest quasars in this panel are brighter than the faintest quasars in the top panel. However, they are located in regions that are much shallower than the nominal depth of the SDSS single-epoch images, and thus were not selected in our main survey.
In Figure 1 , we plot the SDSS quasars on the z − J versus i − z color-color diagram. The figure shows that the z − J colors of the SDSS quasars are on average bluer than those of the simulated quasars (black dots). We check ∼10 quasars with the bluest z − J colors in the figure, and find that most of them have very strong Lyα emission that the model does not fully account for. Another likely reason is that z ∼ 6 quasars tend to have bluer rest-frame UV continuum colors compared to quasars at 2.2 < z < 3.5. Near-IR observations of a large sample of z ∼ 6 quasars are needed to confirm this hypothesis. Nevertheless, quasars with blue z − J colors are well within our selection criteria, and have little impact on our sample completeness.
Binned Luminosity Function at z ∼ 6
We first derive the binned luminosity function from the three subsamples separately: the main survey sample with 24 quasars, the overlap region sample with 10 quasars, and the Stripe 82 sample with 13 quasars. The main survey and Stripe 82 samples are divided into 4 and 2 discrete luminosity bins, respectively. Redshift evolution is not considered here, but will be taken into account when we parametrize the QLF later. The volume densities of the quasars are calculated using the traditional 1/V a method, with the selection function included.
The binned QLF is shown in Figure 7 . The horizontal locations of the filled symbols represent the centers of the luminosity bins, and the horizontal bars indicate the luminosity ranges that the bins cover. In the main survey sample, the z = 6.30 quasar of Wu et al. (2015) is much brighter than the others, and is thus put in one luminosity bin. The other three bins have similar numbers of quasars. We show the median value of the quasar luminosities in each bin as the open symbols in the figure. The results are consistent with our previous results based on smaller samples, e.g., Figure 6 in Jiang et al. (2008) and Figure 3 in Jiang et al. (2009) . They also agree with the results from the CFHQS (gray crosses in the figure; see Willott et al. 2010b) .
The binned QLF from our SDSS sample in Jiang et al. (2008 Jiang et al. ( , 2009 ) is well fit by a single power law
with a steep slope β around -2.9. Figure 7 shows that the updated binned QLF can also be described as a power law. The best fit (the dotted line in Figure 7) to all SDSS data points results in a slope of β = −2.55±0.17. The fit is dependent on the luminosity bin sizes that we chose. In order to remove this dependence, we use a maximum likelihood analysis to find the best fit. The likelihood function (e.g. Marshall et al. 
1983) is written as
where the sum is over all quasars in the sample, and the integral is over the full luminosity and redshift space of the sample. The best fit is β = −2.56 ± 0.16, consistent with the above result. At low redshift, QLFs are commonly characterized using a double power law,
where M * (z) is the characteristic magnitude, and α is the slope at the faint end. Our SDSS data are apparently not deep enough to reach M * . However, the recent discovery of much fainter high-redshift quasars (e.g. Willott et al. 2010b; Kashikawa et al. 2015; Kim et al. 2015; Matsuoka et al. 2016) have suggested a flatter faint-end slope, and the faintest data point in our sample may be affected by the turnover. In order to better constrain the bright-end slope β, we also fit a single Figure 8 . QLF at z ∼ 6 fitted by a double power law. The two faintest data points represent the two quasars from Willott et al. (2010b) and Kashikawa et al. (2015) , respectively. The other data points are the binned SDSS luminosity function from Figure 7 . The solid line is the best double power law (Equation 3) fit using the maximum likelihood method. The dotted line represents the QLF with a fixed slope α = −1.5 derived by Willott et al. (2010b) . It is consistent with our QLF at the bright end. The faint end of the QLF is poorly constrained.
power law to all SDSS density points but the faintest one in Figure 7 , i.e., the luminosity range M 1450 < −25.3 mag. The best fit is β = −2.78 ± 0.24. This is slightly steeper than the slopes found above from the fit to all data points, but is consistent with the value β = −2.81 reported by Willott et al. (2010b) . We thus conclude that the bright-end slope of the z ∼ 6 QLF is around β = −2.8, and we will adopt β = −2.8 ± 0.2 in the rest of the paper.
Double power law fit to the z∼6 QLF
We now parametrize the double power law QLF (Equation 3) at z ∼ 6. In order to constrain the slope α, faint-end data points are required. However, only a small number of z ∼ 6 quasars discovered so far are fainter than M 1450 ∼ −24 mag (e.g. Willott et al. 2010b; Kashikawa et al. 2015; Kim et al. 2015; Matsuoka et al. 2016) . In our analysis, we include two faint quasars from Willott et al. (2010b) and Kashikawa et al. (2015) . They are represented as the two faintest data points in Figure 8 . Their effective area coverage and sample completeness were carefully derived in the above papers, and have been incorporated into our calculation. We do not include an object in Kashikawa et al. (2015) with a narrow Lyα line. It is likely a Lyα-emitter, not a type 1 quasar or AGN.
The combined sample is still not sufficient to simul-taneously constrain all parameters in Equation 3, thus we choose to fix some of the parameters. We assume that M * (z) is constant over our redshift range, i.e., M * (z) = M * . The steep decline of the quasar density at high redshift can be described as (e.g. Fan et al. 2001b; McGreer et al. 2013) ,
Here we assume k = −0.7, derived from the density evolution of luminous quasars from z ∼ 5 to 6 (see details in Section 5.1). Furthermore, we fix the value of β to be −2.8, as measured in Section 4.4. We then estimate the faint-end slope α and the characteristic magnitude M * by applying a maximum likelihood analysis to Equation 3. The results are α = −1.90
mag. The resultant Φ * (z = 6) from the best fit is 9.93 Gpc −3 mag −1 . Thus the best-fit QLF at z ∼ 6 can be written as,
in units of Gpc −3 mag −1 . Note that this is the observed QLF and does not take into account quasar intrinsic properties such as anisotropic emission and dust extinction (e.g. DiPompeo et al. 2014) .
We perform two-dimensional Kolmogorov-Smirnov (K-S) tests to assess the derived QLF. We generate a large sample (> 10, 000) of quasars drawn from the derived QLF (Equation 5), covering the full M 1450 -redshift space shown in Figure 6 . The sample is then convolved with each of the three selection functions to produce three samples of simulated objects. The resultant samples are compared with the three observed quasar samples using the K-S test (e.g. Peacock 1983; Fasano & Franceschini 1987) . The probability found in each of the three cases is greater than 0.2, which means that the hypothesis that two data sets are not significantly different is certainly correct. This indicates that the maximum likelihood analysis that we did above is reasonable.
The two free parameters α and M * are poorly constrained as Figure 9 shows; the uncertainties are due to the small number (2) of quasars at the faint end and the degeneracy between α and M * . The real uncertainties are likely to be larger; by fixing k and β we have not accounted for the uncertainties in those parameters. At low redshift (z ≤ 3), the QLF has a very steep bright-end slope β ≤ −3 and a much flatter faint-end slope α ∼ −1.5 (e.g. Richards et al. 2006; Croom et al. 2009; Ross et al. 2013) . The bright-end slope at z ≥ 4 is found to be quite steep (β ≤ −3) as well (e.g. McGreer et al. 2013; Yang et al. 2016 ). The steep bright-end slope β = −2.8 at z ∼ 6 does not evolve much from those at relatively lower redshifts. On the other hand, the faint-end slope of the optical QLF at z > 3 has not been well constrained (e.g. Glikman et al. 2011; Ikeda et al. 2011 Ikeda et al. , 2012 Fiore et al. 2012) . Previous studies of the QLF at z ∼ 6 usually assumed a fixed slope α = −1.5 as found for low-redshift quasars. For example, Willott et al. (2010b) fixed α = −1.5 and found β = −2.81. Their QLF is consistent with ours at the bright end (Figure 8 ). Our results suggest that the faint-end slope at z ∼ 6 may be marginally steeper than -1.5 based on the faintest data points shown in Figure 8 , as already pointed out by Kashikawa et al. (2015) and Matsuoka et al. (2016) . However, the large uncertainties on α and M * will not be reduced before a sizable faint quasar sample is obtained.
DISCUSSION

Density Evolution of Luminous Quasars at High Redshift
In Section 4.5, we described the quasar density evolution using Equation 4, where k = −0.7. Here we explore in detail the density evolution of luminous quasars at z ≥ 4. We work with the integral of the luminosity function from some fiducial lower luminosity M to infinity,
In Figure 10 , the blue circles show the results at z ∼ 6 for M 1450 = −26.0 mag, together with the results at z ∼ 4 Figure 10 . Density evolution of luminous quasars at z > 4. The blue circles, red triangles, and gray squares are the cumulative densities down to M1450 = −26.0, -26.7, and -25.3 mag, respectively. The data points at z ∼ 4 and 5 are from McGreer et al. (2013) , the data points at z = 6 are calculated from our new sample. The gray data point at z ∼ 7 is taken from Venemans et al. (2013) , and the red data point at z ∼ 7 is estimated from two z > 6.5 quasars in the UKIDSS area (see details in Section 5.1). The dotted lines are the power-law (Equation 4) fits to the data points. The figure shows a rapid decline of the quasar spatial density from z ∼ 5 towards higher redshifts.
and 5 from McGreer et al. (2013) . The slopes of the lines give k = −0.38 ± 0.07 from z = 4 to 5, and k = −0.72 ± 0.11 from z = 5 to 6. Fan et al. (2001b) found k = −0.47 for quasars brighter than M B = −26 mag at 3.5 < z < 5. This value (k = −0.47) has been frequently used in more recent papers (e.g. Willott et al. 2010b; McGreer et al. 2013) . McGreer et al. (2013) noticed that the evolution from z ∼ 5 to ∼ 6 is stronger for quasars brighter than M 1450 = −26 mag, with k = −0.7. We update the density at z = 6 and find k = −0.72 ± 0.11 for the same redshift range, which is the same as the value given by McGreer et al. (2013) . Alternatively, we add the density evolution 10
to Equation 1, and use the maximum likelihood analysis to find the best fit to a single power law. The result is k = −0.5 ± 0.4, consistent with the above result. The large uncertainty is due to the limited sample size, short redshift baseline, and degeneracy between k and β. Therefore, we chose to use k = −0.72 ± 0.11 shown in Figure 10 . The underlying assumption is that the density evolution at z ∼ 6 is similar to that at z = 5 ∼ 6. Figure 10 shows that the spatial density of luminous quasars from z ∼ 5 to 6 drops faster than that from z ∼ 4 to 5 (see also McGreer et al. 2013 ). This trend seems to continue towards higher redshift. So far the QLF at z > 6.4 has not been well explored. We estimate the spatial density of luminous quasars at z ∼ 7 as follows. The UKIDSS team reported a z = 7.08 quasar with M 1450 = −26.6 ± 0.1 mag (Mortlock et al. 2011) , and a z = 6.53 quasar with M 1450 = −27.4 mag (Venemans et al. 2015) . The average effective area is roughly 3370 deg 2 for the two quasars (private communication with D.J. Mortlock and S.J. Warren) . In order to include the z = 7.08 quasar, we integrate Equation 6 down to M 1450 = −26.7 mag (instead of M 1450 = −26.0 mag), which is roughly the limit of their quasar selection. Since the selection function for the two quasars has not been calculated, we assume that their selection probability is 1, which would slightly underestimate the density. Given the large statistical uncertainty, the assumption is reasonable for the luminosity regime considered here (brighter than M 1450 = −26.7 mag). The results are shown in Figure 10 . The slope k derived for the density evolution between z ∼ 6 and 7 is k = −0.92 ± 0.41.
In addition, we estimate the density evolution of less luminous quasars from z = 6 to ∼ 7, using three quasars with −26.0 < M 1450 < −25.3 from the VISTA VIKING survey (Venemans et al. 2013 ). The cumulative density is integrated down to M 1450 = −25.3 mag, which is roughly their quasar survey limit. As shown in Figure 10 , the slope k is −0.60 ± 0.36. The above estimate on the density evolution at z > 6 is rough, based on two very small samples. Nevertheless, the trends seen in Figure 10 suggest a rapid density decline of luminous quasars from z ∼ 5 towards higher redshifts.
Quasar Contribution to Reionization
We estimate the quasar contribution to the ionizing background at z ∼ 6. We first calculate the number of ionizing photons provided by quasars based on the QLF derived in Section 4. We assume a broken power-law quasar SED as follows (Lusso et al. 2015) ,
The spectral index may vary with quasar luminosity and background ionization rate (e.g. Wyithe & Bolton 2011 ), but we do not consider these complications here. We integrate the SED over an energy range of 1-4 ryd (photons above 4 ryd are consumed by He ii), and integrate the QLF over a luminosity range from M 1450 = −30 to -18 mag. In Figure 11 , the blue contours show the computed number of ionizing photons in units of Mpc −3 s −1 as a function of α and M * . The number of ionizing photons is related to the minimum luminosity that we use in the integral. We use -18 mag in the above calculation, a value which is often used in the literature (e.g. Madau et al. 1999; Giallongo et al. 2015; Kashikawa et al. 2015) . Giallongo et al. (2015) found a sample of very faint AGN candidates with M 1450 < −18.5 mag at z = 4 ∼ 6, and estimated that the faint-end slope of the z = 4.75 AGN luminosity function was roughly -1.81, consistent with our result of -1.9 at z ∼ 6. Their faint AGN sample also suggests that we can integrate the QLF down to at least M 1450 ∼ −18 mag. If we integrate the QLF from M 1450 = −30 to -16 mag, the number of ionizing photons increases by 17% for the best fits shown in Equation 5. AGN luminosities can be even lower (e.g. Ho et al. 1997; Hao et al. 2005 ). In the above calculation, we have assumed that the escape fraction of ionizing photons is 1. In low-luminosity AGN, however, the escape fraction can be much lower (e.g. Micheva et al. 2016 ). We did not take this into account for the luminosity range that we adopted (M 1450 < −18 mag).
The total photon emissivity per unit comoving volume required to ionize the universe is taken from Madau et al. (1999) , i.e.,Ṅ ion (z) = 10 50.48 C 3 × 1+z 7
3 Mpc −3 s −1 , where C is the clumping factor of the IGM, and we have assumed that the baryon density Ω b h 2 = 0.022. The clumping factor C is critical as it is closely related to the H recombination rate. Simulations have suggested C ∼ 2 − 5 (e.g. McQuinn et al. 2011; Finlator et al. 2012; Shull et al. 2012) . In Figure   11 , we show the required photon emissivity (red dashed curves) for three representative C values, 1.5, 3, and 5. The figure clearly shows the following.
1. The significance of the quasar contribution to the ionizing background strongly depends on α, M * 1450 , and C.
2. If C = 3, the quasar/AGN population cannot provide enough photons to ionize the z ∼ 6 IGM (at ∼ 90% confidence). We can also rule out at ∼ 68% confidence that the quasar/AGN population can provide 50% of the required photons.
3. If C = 3, the quasar/AGN population can provide enough photons only if the faint-end slope is significantly steeper than -2 and/or the characteristic luminosity is very low.
The conclusion that a faint-end slope at the steep end of current observations is required for quasars to generate sufficient photons to ionize the Universe at z ∼ 6 is generally robust; however, it is worth restating some of the key assumptions that went into the above calculations. We assumed a constant M * , and fixed k and β when we calculated the QLF. These choices will underestimate the uncertainties in α and M * . We chose a magnitude limit of M 1450 = −18 mag, which extends well below current observations. We further assumed an escape fraction of unity for ionizing photons, independent of quasar luminosity. Finally, we assumed a relatively small range of clumping factors based on current theoretical models.
It is generally thought that low-luminosity starforming galaxies may provide enough ionizing photons for cosmic reionization, while the contribution from quasars/AGN is probably negligible due to their low spatial density. Figure 11 shows that we cannot yet fully rule out the probability that UV light from AGN is responsible for ionizing the universe (see also e.g., Giallongo et al. 2015; Madau & Haardt 2015; Mitra et al. 2016 ); however, current observations do not favor this scenario. Future deep surveys of quasars at z ≥ 6 will provide a definitive answer.
SUMMARY
In this paper, we have presented the discovery of nine quasars at z ∼ 6 identified in the SDSS, including seven quasars in the SDSS main survey, one quasar in the overlap regions, and one quasar in Stripe 82. One of the quasars in the main survey, J1148+0702 at z = 6.339, is the second highest-redshift quasar found in the SDSS. This completes our survey of z ∼ 6 quasars in the SDSS footprint. We summarized our final sample of 52 SDSS quasars at z ∼ 6. In total, we have found (1) 29 quasars in 11,240 deg 2 of the SDSS main survey; (2) 17 quasars in 4223 deg 2 of the overlap regions (7 of which are in common with the main survey sample); (3) 13 quasars in 277 deg 2 of Stripe 82. The main survey quasars are the most luminous quasars, with z AB ≤ 20 mag. The overlap region quasars are roughly 0.5 mag fainter, and the Stripe 82 quasars are 2 mag fainter. The quasars span a wide luminosity range of −29.0 ≤ M 1450 ≤ −24.5 mag, and comprise a well-defined quasar sample at z ∼ 6.
Based on the combination of our new quasar sample and two much fainter quasars in the literature, we obtained parameters for a double power-law fit to the QLF at z ∼ 6 using a maximum likelihood analysis. The bright end of the QLF is well constrained, and the slope is steep with β − 2.8 ± 0.2. The best-fitting results for the faint-end slope α and the characteristic magnitude M * 1450 are α = −1.90
−3.8 mag, and the two quantities are strongly correlated. The large uncertainties are due to the small number of quasars at the faint end. We calculated the cumulative density of luminous quasars (M 1450 ≤ −26.0 mag, M 1450 ≤ −26.7 mag, and M 1450 ≤ −25.3 mag) at z ∼ 6 and 7, and compared them with those at z ∼ 4 and 5. We found that the cumulative density at z > 4 declines rapidly towards higher redshift. We estimated the quasar contribution to the ionizing background at z ∼ 6 using the derived QLF. Assuming an IGM clumping factor C = 3, the quasar population cannot provide enough photons to ionize the z ∼ 6 IGM (at ∼ 90% confidence). We found that quasars can provide enough photons only if the faint-end slope is steeper than -2 and/or if the characteristic luminosity is very low. A large sample of very faint quasars (M 1450 < −23 mag) is needed to provide a better constraint on the quasar contribution to cosmic reionization.
Many quasars in our sample have been extensively studied in multiple wavelength bands from X-ray to radio. More observations are being carried out and being planned. For example, we are carrying out deep near-IR spectroscopy of ∼ 60 quasars at z ∼ 6 using Gemini GNIRS. When this program completes, we will have near-IR (or rest-frame UV) spectra for all the SDSS quasars. These spectra will allow us to measure various quasar properties, such as spectral index and emission line properties, metallicity in the broad-line region, central black-hole mass, and so on. The well-defined sample will enable us to derive the black-hole mass function at z ∼ 6, and further constrain the birth and growth of the earliest massive black holes. We are also gathering mm/submm observations using ALMA, IRAM, and JCMT for our SDSS sample (e.g. Wang et al. 2013; R. Wang et al. 2016 ). These observations provide rich information on dust emission, star formation, and dynamical properties of quasar host galaxies, in the context of galaxy -black hole co-evolution at the early epoch. Therefore, this unique SDSS sample will have a legacy value for exploring the distant universe in the future.
Meanwhile, ongoing and future large-area surveys are finding high-redshift quasars in large numbers. For example, Pan-STARRS1 has found more than 100 quasars (Bañados et al. 2016) , and will improve the constraint on the bright-end QLF at z ∼ 6. Note that the measurement of the quasar density at the brightest end (M 1450 < −26 mag) will not be improved by more than a factor of two, since the SDSS already covers one fourth of the whole sky. With near-IR imaging, the VISTA VIKING survey is able to find higher redshift quasars. It has found 3 quasars at z > 6.5, and is expecting to find nearly 20 quasars at 6.5 < z < 7.4 in the near future (Venemans et al. 2013) . DES, with imaging data slightly deeper than Stripe 82 over 5000 deg 2 , has found its first z ∼ 6 quasar, and has claimed that it would find 50-100 quasars at z > 6, including 3-10 quasars at z > 7 (Reed et al. 2015) . The Subaru SHELLQ survey is producing a large number of very faint quasars using deep Hyper Suprime-Cam imaging data (Matsuoka et al. 2016) . These quasars will be used to constrain the faint end of the QLF at z ∼ 6. The future LSST survey (Ivezic et al. 2008) will have an unprecedented power for searches of high-redshift quasars. It will eventually find thousands of quasars (assuming that there will be enough resources for follow-up identification), and fully constrain the z ∼ 6 QLF. The above surveys are providing a golden opportunity for studying high-redshift quasars and the distant universe. Funding for the SDSS and SDSS-II has been provided by the Alfred P. Sloan Foundation, the Participating Institutions, the National Science Foundation, the U.S. Department of Energy, the National Aeronautics and Space Administration, the Japanese Monbukagakusho, the Max Planck Society, and the Higher Education Funding Council for England. The SDSS Web Site is http://www.sdss.org/. The SDSS is managed by the Astrophysical Research Consortium for the Participating Institutions. The participating institutions are the American Museum of Natural History, Astrophysical Institute Potsdam, University of Basel, University of Cambridge, Case Western Reserve University, University of Chicago, Drexel University, Fermilab, the Institute for Advanced Study, the Japan Participation Group, Johns Hopkins University, the Joint Institute for Nuclear Astrophysics, the Kavli Institute for Particle Astrophysics and Cosmology, the Korean Scientist Group, the Chinese Academy of Sciences (LAMOST), Los Alamos National Laboratory, the Max-Planck-Institute for Astronomy (MPIA), the Max-Planck-Institute for Astrophysics (MPA), New Mexico State University, Ohio State University, University of Pittsburgh, University of Portsmouth, Princeton University, the United States Naval Observatory, and the University of Washington. Figure A1 shows the optical spectra of the 52 SDSS quasars at z ∼ 6, ordered by redshift. The numbers of the quasars correspond to the numbers in Column 1 of Table 2 . Most of the spectra were taken from the quasar discovery papers listed in Column 13 of Table 2 .
All spectra have been binned to 10 A per pixel. The figure can be downloaded from http://kiaa.pku.edu.cn/~jiang/SDSS52spectra.eps, or http://kiaa.pku.edu.cn/~jiang/SDSS52spectra2.eps.
